Abstract Rationale (±)3,4-Methylenedioxymethamphetamine (MDMA) is an analog of methamphetamine (MA) and a drug of abuse. MA, MDMA, and its isomers release monoamine neurotransmitters with varying selectivities and would, therefore, be predicted to vary in their relative strength as reinforcers. Objectives This study compared self-administration of MA, MDMA, and its isomers using a progressive-ratio schedule in rhesus monkeys. Conclusions MDMA and (+)-MDMA were consistent positive reinforcers, but weaker than MA, whereas (−)-MDMA was, at best, a weak reinforcer in some monkeys. The reinforcing strength of MDMA appears to derive primarily from (+)-MDMA. Because MDMA and its isomers have been shown to have relatively higher serotonin to dopamine releasing potency, these data support the hypothesis that increasing 5-HT releasing potency relative to DA is associated with weaker reinforcing effects.
Introduction
Evidence is strong that dopaminergic actions are positively associated with reinforcing effects of drugs that act by increasing monoamine neurotransmission in the central nervous system (CNS) (Bergman et al. 1989; Ritz et al. 1987) . Evidence is accumulating that enhanced serotonergic activity is negatively associated with reinforcing effects. Compounds that selectively increase serotonin (5-HT) neurotransmission have been found neither to maintain self-administration by animals (Howell and Byrd 1995; Tessel and Woods 1975; Vanover et al. 1992) nor to have abuse liability in humans (Haddad 1999; Zawertailo et al. 1995) . Among amphetamine-like drugs that are not as selective for 5-HT releasing activity, Ritz and Kuhar (1989) reported a negative correlation between potency as a reinforcer and binding affinity at the 5-HT transporter (SERT). We have recently reported self-administration results with a series of amphetamine analogs in monkeys that reached similar conclusions (Wee et al. 2005) .
Reinforcing strength among a series of cocaine analogs has also been shown to be negatively related to the SERT relative to dopamine transporter (DAT) potency (Roberts et al. 1999) . Taken together, these data suggest that among drugs that increase monoaminergic neurotransmission in the CNS, increasing 5-HT activity may reduce selfadministration, indicative of reduced reinforcing strength.
(±)-Methylenedioxymethamphetamine (MDMA) is a ring-substituted analog of methamphetamine (MA). Both MDMA and MA release monoamines in the CNS. Whereas MA is about 30-fold more potent in vitro as a releaser of dopamine (DA) than 5-HT, MDMA is a more potent releaser of 5-HT than of DA, by approximately six-to sevenfold (Rothman et al. 2001) . Considering that increased 5-HT potency relative to DA appears to reduce reinforcing strength, MDMA might be predicted to be a relatively weaker reinforcer than MA. Research has demonstrated that MDMA, like MA, can function as a positive reinforcer in monkeys (Beardsley et al. 1986; Fantegrossi et al. 2002; Lamb and Griffiths 1987) and rats (Ratzenboeck et al. 2001; Schenk et al. 2003) , although concerns have recently been raised about the relevance to the human situation of MDMA selfadministration by rats (De La Garza et al. 2006) . Although these studies did not provide estimates of relative reinforcing strength, MDMA sometimes maintained less responding than other drugs. Lile et al. (2005) recently found MDMA to be a weaker reinforcer than cocaine in monkeys responding under a progressive-ratio (PR) schedule of reinforcement.
The purpose of the present study was to use a PR schedule of reinforcement to compare the relative reinforcing strength of MDMA, its (+)-, and (−)-isomers and MA. Because MDMA is a more potent releaser of 5-HT than DA, it was hypothesized that MDMA would be a weaker reinforcer than MA. Additionally, because (−)-MDMA is more selective for 5-HT release than MDMA or (+)-MDMA (Rothman et al. 2001; Setola et al. 2003) , we hypothesized that (−)-MDMA would be a weaker reinforcer than MDMA and (+)-MDMA. It is interesting to note that both isomers have been reported to function as positive reinforcers in monkeys responding under a fixed-ratio schedule (Fantegrossi et al. 2002 (Fantegrossi et al. , 2004 . Neither isomer has been evaluated under conditions that allow estimates of relative reinforcing strength.
Materials and methods
All animal use procedures were approved by the University of Mississippi Medical Center's Animal Care and Use Committee and were in accordance with National Institutes of Health guidelines.
Animals and apparatus
The subjects were six male rhesus monkeys (Macaca mulatta) weighing between 9.7 and 12.0 kg at the beginning of the study. All monkeys had extensive histories of drug self-administration. Most recently, monkeys M1389, AV88, M341, and L500 had participated in a study of self-administration of mixtures of d-amphetamine and fenfluramine under the schedule of reinforcement used in the present study (Wee and Woolverton 2006) . Monkey M477 had a history of choosing between injections of cocaine and food under a discrete-trials paradigm (unpublished) . Monkey R0805 had a history of choosing between injections of cocaine and cocaine + histamine (unpublished). All monkeys were provided with sufficient food (154-238 g/day, Teklad 25% Monkey Diet, Harlan/Teklad, Madison, WI, USA) to maintain stable body weight and had unlimited access to water. Fresh fruit and a vitamin supplement were provided daily and three times a week, respectively. Lighting was cycled to maintain 16 h of light and 8 h of dark, with lights on at 06:00 h.
The monkeys were individually housed in the experimental cubicles (1.0 m 3 , PlasLabs, Lansing, MI, USA). Each monkey was fitted with a stainless-steel harness attached by a tether to the rear wall of the cubicle. The front door of the cubicle was made of transparent plastic and the remaining walls were opaque. Two response levers (PRL-001, BRS/LVE, Beltsville, MD, USA) were mounted on the inside of the door. Four jeweled stimulus lights, two red and two white, were mounted above each lever. Drug injections were delivered by a peristaltic infusion pump (Cole-Parmer, Chicago, IL, USA). A Macintosh computer with custom interface and software controlled all events in an experimental session.
Procedure
Monkeys were implanted with a silastic catheter (0.26 cm o.d.×0.076 cm i.d.; Cole-Parmer, Chicago, IL, USA) into the jugular (internal or external) or femoral vein under isoflurane anesthesia. Brachial veins were implanted with a microrenethane catheter (0.2 cm o.d.×0.1 cm i.d.; Braintree Scientific, Braintree, MA, USA) heated and drawn to approximately half size. The proximal end of the catheter was inserted into the vein and terminated in the vena cava near the right atrium. The distal end was threaded subcutaneously to exit the back of the monkey, threaded through the spring arm, out the rear of the cubicle and connected to the peristaltic pump. In the event of catheter failure, surgery was repeated using another vein, after the veterinarian confirmed the health of the monkey.
Experimental sessions began at 11:00 each day and were conducted 7 days per week. Thirty minutes before each session started, catheters were filled with drugs for the sessions without infusing the drugs into monkeys. At the start of a session, the white lights were illuminated above both levers and pressing the right lever resulted in the delivery of a drug injection for 10 s. During the injection, the white lights were extinguished and the red lights were illuminated. Pressing the left lever was counted but had no other programmed consequence. After the session, catheters were filled with 0.9% saline containing heparin (40 U/ml).
Drugs were made available to monkeys in which responding was maintained under a progressive-ratio (PR) schedule of reinforcement comparable to that described by Wilcox et al. (2000) . The PR schedule consisted of 20 trials, with one injection available per trial. In five monkeys, the response requirement started at 100 responses per injection and doubled after every fourth trial. In the sixth monkey (R0805), responding was not well maintained under these conditions so the sequence began at 10 responses/injection and doubled as described. A subject had 30 min to complete a trial (limited hold 30 min: LH 30′). A trial ended with a 10-s drug injection or the expiration of the LH. There was a 30-min timeout (TO 30′) after each trial. If the response requirement was not completed for two consecutive trials (i.e., the LH expired), or the animal self-administered all 20 injections, the session ended.
In baseline sessions, cocaine or saline was available for an injection. The baseline dose of cocaine or saline was initially available under a double-alternation schedule, i.e., two consecutive daily cocaine sessions were followed by two consecutive daily saline sessions. When responding was stable (running mean for each type of baseline session within ±2 injections, and four or fewer injections/ session in saline sessions) for at least two consecutive double-alternation sequences (i.e., eight sessions), test sessions were inserted to the daily sequence between two saline and two cocaine sessions. Additionally, to prevent monkeys from learning this session sequence, a randomly determined saline or cocaine baseline session was inserted after every other test session. Thus, the daily sequence of sessions was C, S, T, S, C, T, R, C, S, T, S, C, T, R, where "C", "S", "R", and "T", respectively, represent a cocaine baseline, a saline, a randomly determined cocaine/saline, and a test session. The baseline dose of cocaine was the lowest dose that maintained the maximum injections in an individual monkey, i.e., 0.2 or 0.4 mg/kg per injection. During test sessions, one of various doses of methamphetamine (MA; 0.006-0.1 mg/kg per injection), (±)-methylenedioxymethamphetamine (MDMA; 0.025-0.8 mg/kg per injection), (+)-MDMA (0.025-0.8 mg/kg per injection), or (−)-MDMA (0.05-0.8 mg/kg per injection) were available for monkeys under conditions identical to baseline sessions. All doses were tested at least twice in each monkey, once with a saline session the day before and once with a cocaine session the day before. When the two test sessions of a dose showed high variability (the number of injections exceeded ±3 injections of the mean), the dose was redetermined twice, once after saline session and once after cocaine baseline session. If the redetermined effects were stable, then three sessions of four were at the stable level and the mean of the redetermined doses was used for data analysis. If the redetermined effects were variable like the initially determined effects, all four sessions were used to calculate the mean. MA was tested first and MDMA second in all monkeys, and the isomers were tested afterward in different orders across monkeys. For all drugs, doses were available in an irregular order across monkeys. With occasional exceptions, all doses of one compound were tested before moving on to the next compound. After a test session, a monkey was returned to baseline conditions until responding for cocaine and saline again met stability criteria, or a new stable baseline was established.
Data analysis
The mean number of injections per session was calculated individually from the test sessions as a function of dose (see DePoortere et al. 1993; Rowlett et al. 1996) . The range of injections served as a measure of variability in individual subjects. A dose of a drug was considered to function as a reinforcer if the mean number of injections was above levels seen with saline and the ranges did not overlap.
For potency comparisons, ED 50 values were calculated from log dose-response functions for individual animals in which a drug served as a reinforcer using the ascending limb of the dose-response function and nonlinear regression analysis with mean levels of saline self-administration in baseline sessions and maximum number of injections of the test drug serving as minimum and maximum values, respectively for the analysis (GraphPad Prism 4.0). Mean ED 50 s were calculated for each drug by averaging the log values of ED 50 s in all monkeys in which the drug functioned as a reinforcer and taking the antilog of that value. The maximum number of injections, regardless of dose, was used as a measure of reinforcing strength in an individual subject and mean values were calculated for each drug. Statistical significance of between-drug differences for both ED 50 and maximum injections was analyzed using one-way analysis of variance (ANOVA). A significant ANOVA was followed by Newman-Keuls multiple comparison tests with statistical significance set at the P=0.05 level.
Drugs
All drugs were provided by National Institute on Drug Abuse and were dissolved in 0.9% saline. Doses are expressed as the salt forms of the drugs.
Results
The baseline dose of cocaine maintained a mean of 17.3 injections/session (SEM=0.8; Fig. 1 ), while saline maintained a mean of 2.7 injections/session (SEM=0.2). MA, MDMA, and (+)-MDMA functioned as positive reinforcers in all monkeys. Dose-response functions increased with dose over low to moderate doses and were asymptotic or decreased again at higher doses (Fig. 1) The rank order for maximum injections/session ( 
Discussion
MDMA functioned as a positive reinforcer in rhesus monkeys responding under a PR schedule of reinforcement. This finding is consistent with previous reports from studies with rats (Ratzenboeck et al. 2001; Schenk et al. 2003) , rhesus monkeys (Beardsley et al. 1986; Fantegrossi et al. 2002; Fantegrossi 2006; Lile et al. 2005 ) and baboons (Lamb and Griffiths 1987) , and with the well-established abuse liability of MDMA (Strote et al. 2002; Yacoubian 2003) . The study by Lile et al. (2005) used a PR schedule similar to the one used in the present study, but with a different progression in response requirement and a shorter TO between injections. The potency of MDMA was comparable to that seen in the present study with responding generally being maintained between 0.1 and 0.56 mg/kg per injection. Responding was maintained by MDMA in the Lile et al. (2005) study at breakpoints between 128 and 444 in three of the four monkeys in that study. In the fourth monkey, breakpoint was over 2,000 responses/injection. Breakpoint is not as clearly defined in the present study because multiple injections were available at each response requirement. What can be said is that MDMA maintained an average of nine injections/session in the present study, the ninth injection having a response requirement of 400 responses/injection. Thus, the maximum response requirements maintained by MDMA were also comparable across studies.
Maximum responding maintained by MDMA was lower than that maintained by MA in the present study and lower than that maintained by cocaine in the Lile et al. (2005) study. Although complete dose-response functions were not determined for cocaine in the present study, the baseline dose was selected in each monkey to be the dose that maintained maximum responding. Baseline cocaine dose clearly maintained higher responding than MDMA. Previous studies using FR schedules of reinforcement in monkeys have reported less self-administration of MDMA than d-amphetamine (Beardsley et al. 1986 ), cocaine (Lamb and Griffiths 1987) , and MA (Fantegrossi et al. 2002) . Although rate of self-administration under FR schedules does not always predict reinforcing strength, taken together with the present findings, these studies converge on the conclusion that MDMA is a somewhat weaker positive reinforcer than other prominent drugs of abuse, at least in the psychomotor stimulant class. This may seem somewhat surprising given MDMA's notoriety as a drug of abuse. Indeed, research with human subjects has suggested that MDMA is at least comparable to d-amphetamine in its value as a reinforcer and positive subjective effects (Cami et al. 2000; Tancer and Johanson 2003) . According to recent statistics (SAMHSA 2004) , however, cocaine use by individuals older than 12 in the past month, year or lifetime exceeds MDMA use by approximately threefold, while differences between MA and MDMA are small. Although many factors in addition to reinforcing strength determine actual abuse, it may be that the subjective effects of MDMA related to dysphoria (Cami et al. 2000) are contribute to its diminished reinforcing strength relative to other abused drugs. These authors reported dysphoriarelated effects of 125 mg of MDMA as measured by the Addiction Research Center Inventory and the Profile of Mood States subjective effect scales. Fantegrossi et al. (2002) reported that MDMA and its isomers served as positive reinforcers in rhesus monkeys responding under a FR 10 schedule, and that there were no substantial differences between the drugs in rates of selfadministration. The primary novel finding of the present study is that under a PR schedule, MDMA and the (+)-isomer maintained substantially more responding than did (−)-MDMA. Indeed, (−)-MDMA did not function as a reinforcer in the majority of monkeys. Differences between the present findings and those of Fantegrossi et al. (2002 Fantegrossi et al. ( , 2004 can likely be attributed to differences in response requirement between the FR 10 schedule they used and the response requirement in the present study that, in all but one monkey, increased from 100. Although MDMA selfadministration has been reported to decrease with repeated dose-response determinations over time (Fantegrossi et al. 2004) , it seems unlikely that this effect contributed to the present results. Complete dose-response functions were determined only once in the present study. The (+)-isomer was, as would be expected, approximately twice as potent as the racemic mixture as a reinforcer. Based on these observations, it is reasonable to conclude that the reinforcing strength of MDMA is mediated primarily by the (+)-isomer. Table 1 presents the relative potency, established in other studies, for in vitro monoamine release by MA, MDMA, and its isomers. These comparisons should be considered with the caveat that they were collected in different studies, which could have influenced the results. Nevertheless, it is worth noting the potency relationship for DA release of MA>(+)-MDMA>MDMA>(−)-MDMA is identical to the potency relationship of these compounds as reinforcers in the present study, consistent with the conclusion that DA is involved in the reinforcing effect. Previous studies with both cocaine-like (Roberts et al. 1999 ) and amphetaminelike (Wee et al. 2005 ) compounds have also suggested that those with increased 5-HT potency relative to DA potency are weaker reinforcers. The present results are generally consistent with this conclusion as well. However, although maximum responding maintained by the (+)-isomer was slightly higher than that maintained by the racemate, the difference did not achieve statistical significance. That is, the compound with the lower DA/5-HT potency ratio was not clearly a stronger reinforcer. It may be that the DA and 5-HT potency differences between (+)-MDMA and MDMA were too small to influence reinforcing strength. Alternatively, the present PR schedule does not have adequate resolution to distinguish small differences in relative reinforcing strength. In any case, the compound with the lowest DA/5-HT potency ratio, MA, was clearly the strongest reinforcer while the compound with the highest DA/5-HT ratio, (−)-MDMA was the weakest reinforcer.
Although the present results lend support, the conclusion that increased 5-HT actions relative to DA can decrease reinforcing strength, it should be pointed out that Lile et al. (2003) reported self-administration by monkeys of a cocaine analog and DA uptake blocker, HD-60, with at least 80-fold selectivity for SERT relative to the DAT binding. Other compounds tested in monkeys that support the DA/5-HT hypothesis have been primarily monoamine releasers (Ritz and Kuhar 1989; Wee et al. 2005) , raising the possibility that there is a difference between monoamine release and reuptake blockade in terms of reinforcing effects. It is interesting to note that HD-60 was not a positive reinforcer in rats in the study of Roberts et al. (1999; called WF-60) , raising the additional possibility of a species difference on this dimension. Along these lines, it should be noted that the data in Table 1 were taken from rat brain tissue. Thus, although there is reason to believe that the relative mixture of DA and 5-HT actions can influence reinforcing strength, some significant ambiguities still exist.
